Nuclei from a variety of human cell lines and tissues were digested with gradually increasing levels of DNase I. The DNA was then purified, treated with restriction enzymes and subjected to Southern blot hybridization using a cloned cDNA probe to 3-phosphoglycerate kinase (PGK) a housekeeping enzyme. At relatively high levels of DNase I, a specific, slightly sensitive site in chromatin sequences encoding PGK was observed in all of the cell types examined.
INTRODUCTION
Mammalian females achieve a form of dosage compensation by inactivating, randomly, one of two X-chromosoroes.
Once either the paternal or maternal Xchromosome is inactivated, the inactive state of that chromosome is propagated in subsequent cell division (1) (2) . The inactive X-chromosome can be recognized cytologically as a heterochromatic Barr body and this heterochromatinization has been generally regarded as an alternative chromatin configuration which is directly or even causally related to lnactivation of genes on this chromosome.
The enzyme, DNase I, has been established as an effective probe for detecting active _vs_. inactive configurations of chromatin. Several autosomal genes which are very actively transcribed (represented in mRNA on the order of 50,000 copies per cell) have been shown to be preferentially sensitive to DNase I, compared to inactive genes in the surrounding chromatin (3, 4, 5, 6) .
Many other active genes such as the heat shock loci in Drosophlla (7), histone genes (8, 9), a actin (10) and others have DNase 1 hypersensitive sites.
Hvpersensitivity has been inferred either, because of a genomic restriction fragment which selectively disappears after low level DNase I treatment of
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nuclei, or because of selective DNase I-induced conversion of a restriction fragment to a well defined, shorter fragment or "sub-band."
Recently, Kerem et al. demonstrated preferential DNase I attack of the active X-chromosome in whole, fixed raitotic chromosomes (11). The latter study suggests some gross structural differences in chromatin comparing active and inactive X-chromosomes. However, since the chromosomes were fixed in a methanol-acetic acid mixture prior to nick translation in the presence of DNase, the relationship between preferred DNase I attack and native chromatin structure is difficult to interpret.
The present report describes a study of DNase I sensitivity of specific X-chromosome associated sequences encoding 3-phosphoglvcerate klnase (PGK).
Two main observations are made:
(1) At high DNase 1 levels (about 0.7 times the amount of DNase I needed Co digest bulk chroraatin) we find one clearly defined, sensitive site specific to the active X-chromosome.
(2) At lower DNase I levels normally used to observe so-called "hypersensitive" sites we find no detectable differences between active and inactive X-chromosomes at least in sequences encoding PGK. Thus, although there is a chromatin feature specific to the active X-chromosome, this slightly sensitive site is in a category separate from both, previously reported hypersensitive sites and DNase I sensitive domains.
MATERIALS AND METHODS

Cells and Cell Culture
Cultured cells were grown under conditions routinely used in this laboratory (12, 13). Briefly, the transformed human lymphoblast cell line, EBV-LCL Tissues were homogenized with two-one second bursts of a motor-driven Tekmar Ultra Turax homogenizer set on 100. Tissue homogenates in cold phosphate buffered saline (PBS) were filtered twice through several layers of gauze. The cells were washed three to four times in PBS prior to isolation of nuclei.
Nuclear Isolation
Nuclei were isolated by a modification of previously reported procedures (16). Briefly, 50 ml centrifuge tubes containing washed cellular pellets were dried of adherent PBS using"Kimwipe" and forceps.
The cellular pellets were brought up in 0.5Z Nonidet P-40 (NP-40) in reticulocyte standard buffer (RSB) containing 10 mM Tris (pH 7.4) 10 mM NaCl and 5 mM MgCl 2 . After disruption of clumps using a Pasteur pipette, the nuclei were pelleted at 1500 rpm in an IEC centrifuge for 2 min. The nuclei were subjected to three cycles of suspension and pelleting in the NP-40 containing buffer. The nuclear pellet was then suspended and pelleted in RSB without NP-40 and brought up in the same buffer prior to DNase I digestion.
DNase 1^ Digestion
Nuclei were diluted in RSB to a concentration of 0.4 mg chromatin DNA per ml. Aliquots of the nuclear suspension were treated with increasing concentrations of DNaae I, as indicated in the figure legends, all at 37°C for 10 min.
Reactions were terminated by adding EDTA to 10 roM, SDS to 0.1Z and proteinase K to 0.5 mg/ral. Proteinase K digestions were carried out for 1 hr. at 37°C.
DNA Purification and Restriction Enzyme Treatment
DNA was purified by 3 cycles of extraction in phenol-chloroform-isoamyl alcohol 
DNA Probes and In Vitro Labeling
The cDNA to sequences encoding 3-phosphoglycerate kinase (PGK) was Probes to human PGK-encodlng sequences were labeled by the method of second-strand synthesis (19). Unlabeled dCTP was used to supplement ar^2p labeled deoxycytidine triphosphate. The level of dCTP was calculated to insure sufficient molarlty of dCTP for complete second-strand synthesis.
After two hours of labeling using DNA polyraerase I (New England Nuclear), the mixture was passed over a G-50 column to separate unincorporated nucleotides from the labeled probe. To the peak fractions, denatured, salmon testes DNA was added to 0.2 rag/ml and the mixture was treated with SI nuclease to remove terminal hairpin loops (19). The method of second-strand synthesis yielded a much more efficient probe than the conventional nick translation (20) "Sb" marks the position of the sub-band which is selectively attacked by Bal31. restriction enzymes.
Secondly, both the Hindlll sub-band (shown extensively throughout this paper) and the Bglll sub-band ( Fig. 1 ) are very reproducibly observed although the intensity and breadth of the sub-bands varies from cell type to cell type. We believe the reason several restriction enzymes ( Fig. 1 and also Petl, Bam HI, Hinf I and numerous pairwise combinations) do not show the sub-band is that within or near the coding region there is only one sensitive site which frequently gets obscured by other bands or cut to an undetectable size. The sub-band observed with Hindlll can be unambiguously assigned to a parent fragment (see below). For this reason, we have explored differences at this site comparing active and Inactive X-chroraosomes.
The DNase ^ Sensitive Site le Specific £o^ the Active X-Chronosome
In order to determine whether the sensitive site was located specifically on the active X-chromosome, we looked for the presence of this DNase I sensitive site in four, different human fibroblast cell lines which vary in the number of X-chromosomes per cell ( Thus, the contribution of the Inactive X can be examined not only by making male-female comparisons, but by looking at cell lines with multiple inactive X-chromo8omes with only one active X-chromosome per cell (eg. 73-126-below).
These comparisons depend, at least, on semi-quantitative comparisons. We examined the hybridization Southern blotting procedure used throughout this paper for quantitativeness and find (Fig. 4 ) that the method, in our hands, is quantitative with the following restrictions:
( In genomic Southern blots, the PGK probe hybridizes to three Hindlll fragments which reproducibly show dosage effects relative to the number of Xchronosomes. These bands are marked with an X in Figure 3a . other than testes and therefore serve as an internal standard for nonexpressed genes. The 5.6 kb Hindlll fragment which gives rise to the 3.9 kb sub-band reproducibly shows dosage effects. We conclude that the DNase I sensitive site, which gives rise to the sub-band, is situated on an X-chromosome as opposed to an autosomal locus.
Furthermore, it appears that the sensitive site is specific to the active state of the X-chromosome. This is because the amount of the sub-band in identical experiments does not increase in proportion to the number of X- A similar conclusion was reached by examining the 5.6 kb fragments. Due to selective reduction in Intensity in male nuclei, the 5.6 kb fragment is assigned as the parent fragment of the 3.9 kb sub-band. By measuring either The DNase level increases from left to right. Lanes 1 and 6, no DNase; 2 and 7, 0.2 yg/ml DNase I; 3 and 8, 0.8 ug/ml; 4 and 9; 4 ug/ral; 5 and 10, 10 ug/ml.
The DNA was purified, restricted with Hindlll and blot hybridized to the PGK probe as in Figure 1 .
"X" marks the position of bands reproducibly showing dosage effects relative to the number of X-chromosomes.
"A" marks a band which clearly does not show dosage effects In repeated experiments.
Unlabeled, lower molecular weight bands have not been characterized with respect to dosage.
b. An experiment similar to that of part a. except lanes 1 through 6 represent DNA from the cell line 456 (XY) and lanes 7-12 are from 73-126 (3X chromosomes). Lanes were scanned with a 525 nm laser source with a beam-width 30X larger than the width of the lanes being scanned.
Integrated peak areas were plotted vs. the amount of total genoraic DNA loaded.
Plots of each fragment shown were taken from a single film.
An exception is the 8.6 kb fragment which was analyzed on a separate exposure because of grain saturation in the original exposure. peak heights or areas, the reduction in the 5.6 kb band (at maximal sub-band intensity) is clearly greatest for male nuclei (typically 50% the intensity of the no DNase I control, less (80X) in nuclei with one inactive X (e.g. 443) and the difference is barely detectable in the cell line with three X chromosomes (Fig. 5) . We conclude that these data indicate that, in sequences hybridizing to PGK, there is a slightly DNase I sensitive site that is specific to the active X-chromosome.
As described above, the most critical step in these experiments is the treatment of Isolated nuclei with DNase I. To show that the heterochromatinization of the inactive X-chromosotoe was not affected by the manipulations involved in Isolating nuclei, we examined nuclei for the presence of Barr bodies (Fig. 6) . Supporting the validity of the approach, heterochromatlc Barr bodies remain afer purification of nuclei from cells with multiple Xchromosomes. DNase I nuclei.
The lower case "sb" at 3.9 kb refers to c. Human fibroblast 456 (XY). DNase I-digested nuclei.
DNase I-digested nuclei. No DNase I-digestion. DNase I-digested nuclei.
digestion of the sub-banding DNA.
Human fibroblast 743 (XY). Human fibroblast 443 (XX).
Human fibroblast 443 (XX). g. Human fibroblast 73-126 (XXX). DNase I-digested nuclei. Controls not shown here (456, 743, can be examined in Figure 3 .
Position of DNase _I Sensitive Sites Relative to the PGK Transcription Unit
The precise genomic map of PGK encoding sequences is not yet determined.
However, using fragments of the cDNA probe to PGK, we have determined that the Figure 6 .
Barr body analysis performed on isolated nuclei. *fuclei were prepared by the same procedure used throughout this report, and subjected to the Barr body analysis described in "Materials and Methods." a. Nuclear preparation from a male (456-XY) fibroblast cell line. b. Nuclear preparation from a fibroblast cell line (73-221) containing 5X chromosomes per cell. Arrows indicate densely stained inactive copies of X-chromosome.
3.9 kb DNase I sub-band, which is characteristic of all of the cell types examined, as well as the 5.6 kb band which is the most likely parent of the sub-band based on densitometry experiments, both hybridize only to the extreme 3' region ( Fig. 7) of the cDNA. The corollary is also true. That is, probes to the 5 1 and middle of the coding region repeatedly fail to label either the 5.6 kb band or the sub-band. We conclude that the DNase sensitive site is on the 3' end of the transcription unit and within the 5.6 kb band. Due to the 3' position of this sensitive site, its role in regulating transcription is uncertain. However, the constancy of this site in the various cell types examined (Figs. 1, 3 , R) and its observed specificity to the active Xchromosorae suggests a relevance of this site to gene activation.
The DNase I sub-band we have described is in fact the only obvious difference we can detect comparing chromatin of active and inactive Xchromosomes using the cDNA to PGK encoding sequences. Since this cDNA includes both 5' and 3' non-coding regions, any other sensitive sites relevant to PGK activation would have to be more distant from the coding regions than is the case for most other reported DNase I sensitive sites (3) (4) (5) (6) (7) (8) (9) (10) .
Presence of the DNase 1^ Sensitive Site iji Human Fetal Lung Tissue
We have also found a DNase I sensitive site, similar to that described above, in nuclei from human fetal lung tissue ( Comparison £f_ Chromatin DNA with Naked DNA The possibility existed that the Hindlll sub-band was produced by a DNA sequence slightly more sensitive to DNase I than the neighboring sequences.
To test the possibility that the Hindlll sub-band might not be dependent on In these experiments we observed no sub-bands, and no selective sensitivity of any of the bands hybridizing to PGK (Fig. 9) . We repeated these experiments using very gradual increases of DNase I between 3 and ID ng/ml and were unable to detect subbanding. Thus, the specific DNase I cutting which produces the Hlndlll subband requires the presence of chromatin proteins.
DISCUSSION
This report describes a DNase I sensitive site specific to the active Xchromosome of a number of different cell types (lymphoblasts, four Independent fibroblast lines and human fetal lung cells) which vary In the number of inactive X-chromosomes. At the outset of this study, we expected to find extensive differences in DNase I susceptibility of PGK encoding sequences on the active and inactive X-chromosomes. For example, the region of the active abcdef ghijkl m • ** Figure 9 . Purified DNA from the transformed human lymphoblast cell line, EBV-LCL, was suspended in buffer similar to RSB ("Materials and Methods") except that in lanes a-f Ca 2+ was substituted for Mg2+. The DNA was treated with increasing concentrations of DNase I.
Lanes a-f, no DNase I, 0.1 ng, 0.3 ng, 1 ng, 3 ng, 10 ng DNase I/ml, respectively.
Lanes g-1, no DNase I, 0.1 ng, 0.3 ng, 1 ng, 3 ng, 10 ng DNase I/ml, respectively.
The DNA was then purified, restricted with Hlndlll and blot hybridized to the PGK probe.
Note: for unknown reasons the third Hlndlll band (5.0 kb-autosomal) does not show up well after exposure to 2 X-chromosome we have explored does not appear to be part of a large sensitive domain of the kind described by other investigators (25, 26, 27) . Furthermore, our results seem somewhat In contrast to the study involving DNase I-induced nick translation of fixed, whole mitotic chromosomes (11). The latter study seemed to suggest extensive structural differences between active and inactive X-chromosomes. Possibly, the apparent differences between the results of the two methodologies could be explained by the contribution of very active genes in the latter study, although there is no evidence for very active genes on the X-chromosome (28). Alternatively, fixing in methanol-acetic acid may in some way selectively fix the chromatin of the inactive X-chromosome making it more resistant than other chromosomes. In fact, we have found that the fixing method employed in that study induces greater sensitivity (by a few orders of magnitude) of much of the chroraatin DNA, while a resistant component remains.
It became apparent In these experiments that the slightly sensitive site in PGK sequence containing chromatln (Figures 1, 2 , 5) is considerably more protected than naked DNA. This conclusion was arrived at by the observation that the Hindlll sub-band appears at a level of DNase I 100-fold greater than that needed to digest bulk, purified DNA to less than 5 kb. Also, at least some reported "hypersensitive" sites (25) occur at very low levels of DNase I compared to the levels used here to observe the sensitive site in PGK sequence containing chromatin. Since the level of digestion used to maximize the PGK sub-band is so close (i.e. 0.7 tines the level of DNase I) to the level at which all of the chromatin is digested, we never observe complete conversion of the parent 5.6 kb fragment to sub-band material. Possibly, the relative resistance of the sensitive site described here reflects a category of chromatin architecture common to genes transcribed at a low rate.
In contrast, a previous study involving solution hybridization suggested that sequences transcribed at dissimilar rates had similar susceptibilities to DNase I (29). However, the cDNA to ovalbumin sequences used as the rapidly transcribed prototype in that study probably would have also detected the socalled "X" and "Y" genes. The latter are related to ovalbumin but transcribed at a lower rate (30), thus complicating the study by solution hybridization.
Further experiments will be required to resolve the relationship between accessibility to DNase I and gene activity.
To summarize, in sequences encoding PGK, we find a specific difference in chromatin comparing active and inactive X-chromosomes. Rather than spanning a large region of the PGK encoding chromatin, this difference is confined to a narrow region (about 200 bp) near the 3 1 end of the transcription unit.
